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ABSTRACT
High-Conversion Plasma Dissociation of Hydrogen Sulfide
Kirill A. Gutsol
Adviser: Alexander Fridman, PhD
Hydrogen sulfide (H2S) treatment is a necessity for the oil refining and gas industries.
H2S, a byproduct of hydro-desulfurization and comprises a significant portion of the natural
gas deposits, is currently treated via the Claus process. A gross reaction of the Claus process
is partial oxidation of H2S to sulfur and water. This process, even though well established,
has the major drawback of oxidizing valuable hydrogen (H2), which could be used for
hydro-desulfurization and, of course, for many other applications including “green” energy
generation. H2S can be a good source for H2 production since its dissociation enthalpy to
hydrogen and solid sulfur is only 0.2 eV/molec (compared to dissociation enthalpy of liquid
water which is 2.96 eV/molec). Unfortunately, an economically feasible dissociation process
has not yet been implemented in a large scale. Plasma provides a promising solution for H2S
destruction with accompanying H2 production. Organization of such process with degree
of conversion is the objective of this study.
In the scope of this thesis, H2 production from H2S is achieved via plasma assisted dis-
sociation of hydrogen sulfide into hydrogen and sulfur. The study is performed to evaluate
both thermal and non-thermal methods of dissociation of H2S with respect to H2 production
maximization. The study includes plasma dissociation in non-thermal discharges with high
E/n such as AC corona, dielectric barrier, and streamer as well as transitional (“warm”)
discharges such as contracted glow discharge and gliding arc. Through the extensive mod-
eling work, the dissociation mechanisms are identified for both thermal and non-thermal
plasmas, and method an apparatus are developed to facilitate high conversion of H2S to
xii
H2. The results are evaluated and compared with earlier studies. Comparison shows that
conversion can be improved up to two times for the thermal dissociation method and pos-
sibly higher with further optimizations. The non-thermal plasmas show catalytic effect on
hydrogen sulfide dissociation, which can be used for development of the industrial systems
with 100 % conversion.
1CHAPTER 1: INTRODUCTION
1.1 Background
The two primary sources of hydrogen sulfide come from oil refining and gas industries.
H2S is a byproduct of hydro-desulfurization of crude oil and often comprises a significant
portion of natural gas deposits. The current information on amounts of hydrogen sulfide
processed world wide can be estimated from the worldwide production of sulfur, which
is almost exclusively produced from H2S. So, according to the data available from U.S.
Geological Survey [4] in 2012 U.S. alone produced 8.4 million tons of sulfur while the
worldwide production total was 70 million tons. This amount has increased since 1995
when worldwide, according to the same source, 52 million tons of sulfur were produced. A
rough calculation gives us more than 50 billion cubic meters of hydrogen sulfide processed
in 2012 worldwide. The magnitude of the industry can also be seen with a naked eye as
one looks at the scale of the installation required for sulfur processing (see Figure 1.1).
1.1.1 Hydrogen sulfide removal with Claus process
Destruction of hydrogen sulfide (H2S) is an important industrial process that has been
developed for over a century. It has an accompanying no less important sulfur (S) production
process. Conventionally both of these processes are realized on “sulfur recovery plants” via
Claus process. A gross reaction of the Claus process is partial oxidation of hydrogen sulfide
to sulfur and water.
H2S +
1
2
O2 → S + H2O (1.1)
This process, even though well established, has the major drawback of oxidizing valuable
hydrogen, which could be used for hydro-desulfurization and, of course, for many other
2(a) (b)
Figure 1.1: Hydrogen sulfide destruction on industrial scale: (a) Claus process plant [1] (b)
mountains of recovered sulfur in Alberta, Canada [2].
applications including “green” energy generation. Another drawback is the requirement of
Claus plant tail gas clean up, which may cost as much as the recovered sulfur [5, 6].
In theory, an alternative use of hydrogen sulfide is possible, as it has a high heating
value, and so, it could potentially be used as an energy source, but its combustion is
environmentally unacceptable due to production of sulfur dioxide.
H2S +
3
2
O2 → SO2 + H2Oliquid + 5.8 eV/molec (1.2)
1.1.2 Hydrogen sulfide as a source of hydrogen
In the past several years on the heels of continued if not overwhelming interest in technolo-
gies on hydrogen (H2) production [7], we observe a resurgence of research on methods for
hydrogen production with methods alternative to hydrocarbon reforming including extrac-
tion of hydrogen from hydrogen sulfide [8, 9]. In general, this is not surprising. Commonly
considered only as toxic pollutant, H2S is, theoretically, a cheap source of hydrogen. Hydro-
gen sulfide dissociation enthalpy to hydrogen and solid sulfur is only 0.2 eV/molec (compare
with the dissociation enthalpy of liquid water that is 2.96 eV/molec).
H2S→ H2 + S (1.3)
3Unfortunately, a process that could accomplish the dissociation and is economically feasible
has not yet been implemented in a large scale.
1.2 Plasma dissociation of hydrogen sulfide
Much research work has been done on hydrogen sulfide dissociation. And a variety of
methods for the dissociation was proposed, which include: direct and catalytic thermal de-
composition [10–12], microwave irradiation, electrolysis of liquid H2S [13], aqueous solutions
or salt melts, plasma dissociation (see the following section), and photolysis [14]. Plasma
dissociation of H2S became very popular after the experiments in Kurchatov Institute in
Soviet Union demonstrated that dissociation could be achieved with the Specific Energy
Requirement (SER, see Section 2.2.1) less than 1 eV/molec.
Researchers from Kurchatov Institute indicated that their very promising results were
obtained under the conditions of thermal dissociation with additional energy recovery inside
the reactor due to the opposite flows of condensing sulfur clusters and incoming hydrogen
sulfide in a strong centrifugal field [15, 16]. Another possible explanation they provided is
based on the dissociation process equilibrium shift due to the high diffusion coefficient of
hydrogen [17].
Thermodynamic equilibrium (Section 2.4) modeling shows that, at atmospheric pressure
dissociation of H2S to gaseous products (H2, HS, H, . . . ) has a thermodynamic minimum of
SER of 2.1 eV per molecule of H2 produced (assuming absolute quenching, see Section 2.3),
and 2.03 eV per H2 molecule produced (assuming ideal quenching when SH and H radicals
are also converted to H2 molecules). This 0-dimentional time-independent model is a good
first approximation of a plug flow reactor at high temperature, where all reactions are fast
enough to establish equilibrium, while all the reverse reactions are stopped by quenching.
The best experimentally obtained SER is 0.76 eV/molec, which was reported for a low
pressure (0.05 atm to 0.1 atm) microwave plasma reactor (MW) [18]. Recently reported
results of experiments in Gliding Arc Tornado (GAT) reactor and Gliding Arc Plasmatron
(GAP) at atmospheric pressure show SER of 1.2 eV/molec [3]. As these results are signifi-
cantly better than those of thermodynamic equilibrium modeling, a possibility exists that
4the process is defined by some non-equilibrium effects (for example on periphery of thermal
plasma discharge) that were not taken into consideration.
1.3 Goal of this study
The early stages of the research on plasma dissociation of hydrogen sulfide (H2S) the pri-
mary focus was on on reduction of specific energy requirement (SER) of the process [3,19].
Later through the collaboration with our industrial partners we learned that there are two
additional factors that significantly influence the implementation of any technology aimed
at H2S destruction:
• The first factor, which is inherently associated with the quest for the lowest SER, is
the recirculation of the undissociated hydrogen sulfide.
• The second factor is the cost of tail gas treatment, which is ever-present and unavoid-
able reality for the sulfur recovery plants (H2S destruction plant, all based on the
Claus Process) because they must destroy virtually 100 % of H2S while even most
advanced Claus units provide only 99.5 % removal.
The reality is that both recirculation of hydrogen sulfide and tail gas treatment are very
expensive. The operating cost of the later, depending on the eﬄuent mixture from the
Claus unit, may be almost as much as the operating cost of Claus unit itself [20, 21].
So, the only way a plasma dissociation of hydrogen sulfide would be economically feasi-
ble if its H2S destruction were close to currently achievable by Claus plants. Hence, the new
study was proposed to maximize hydrogen sulfide destruction in single pass while maintain-
ing low specific energy requirement. Both theory [22] and earlier studies by the researchers
from the Kurchatov institute show that rather high level of H2S destruction is possible
(reported level is from 45 % to 85 %)1. Specifically it is achievable at high values of specific
energy input (SEI) as it is illustrated by the Figure 1.2.
1The data available for microwave plasma results from Kurchatov Institute (presented on the figure)
suggests conversion greater than reported 85%. Such inconsistency is likely caused by recreation of the
experimental curves from the published source.
5Figure 1.2: SER and H2S conversion as function of SEI in earlier experiments in glid-
ing arc in “tornado” (GAT) and microwve (MCW) plasma and from the thermodynamic
equilibrium modeling.
Unfortunately, we can observe, that such high conversions were possible only at low
pressures, which are undesirable in the industry. At the same time the conversion achieved
at atmospheric pressure in gliding arc in “tornado” was only in the range from 21 % to
38 %, which would require significant expenses on recirculation of the undissociated H2S.
So, after the review of the theoretical potential of the process as well as earlier results
we set the goal of this study to devise a method and apparatus for dissociation of hydrogen
sulfide to hydrogen and solid sulfur, and such apparatus must maximize the single-pass
conversion of H2S.
6CHAPTER 2: THERMODYNAMIC AND KINETIC
MODELING
2.1 Introduction
The goal of this chapter is to build a foundation for analysis and comparison of the the
following experimental work. Also, in this chapter we develop three scientific hypothesis
towards the study goal proposed in the section 1.3. In the end, we outline three major
hypothesis, which are experimentally tested in the following two chapters.
2.2 Specific energy input and requirement
In the following sections many experimental and computational results will be evaluated in
terms of the specific energy requirement, which is a measure of effectiveness of a (plasma)
system in production or destruction of a specific chemical substance or a group of substances.
Specifically most of the processes and systems described in this article are evaluated by their
SER of hydrogen production or hydrogen sulfide dissociation.
2.2.1 Specific energy requirement (SER)
Specific energy requirement is an effective tool for the comparison of the systems, which
have very different underlying principles. Using SER, it is possible to compare systems,
which use thermal or non-thermal plasma, and even systems that do not use plasma at all.
The common units used in the literature for SER are kilojoule per mole (kJ/mol), kilo-
watt hour per normal cubic meter (kW h/m3), and electron volt per molecule (eV/molec).
7The conversion factor is such, that
1 kW h/m3 = 0.84 eV/molec = 80.64 kJ/mol. (2.1)
The eV/molec unit is used exclusively throughout this article.
SER is not measured directly but calculated from the measured or computed parameters.
In general,
ε =
W
Qi
(2.2)
where ε is SER, W is total power input, and Qi is a flow rate of the substance of interest
in the product mixture. When SER of destruction of a substance is sought then Qi is the
difference of initial and final flow rate of the substance.
2.2.2 Specific energy input (SEI)
Another important parameter for comparison of different systems is specific energy input
(SEI), J that is a measure of total power input to the source stream
J =
W
Q0
(2.3)
and Q0 is initial substance flow rate. In this research we are focusing on hydrogen sulfide
dissociation, and thus, unless stated otherwise, SEI is a measure of energy input per molecule
of H2S, and it is commonly measured using the same units as SER. Calculation of SEI is
different for each system and model and will be explained where necessary.
2.2.3 Application of SEI and SER to plasma-chemical processes
It is obvious that SER and SEI are very important parameters from the application stand-
point; however SER has also very important physicochemical sense. Though SER is a
“macro”-parameter, usually it provides very significant information about the mechanism
of a plasma chemical process, especially if kinetic models are available and there is some
understanding about the plasma system applied (cold, thermal, or intermediate warm).
For example, if SER in cold plasma is comparable with the energy necessary to produce one
electron-ion pair (over 10 eV/molec) it means usually that the plasma chemical process is
controlled by a reaction that involves recombination of charged particles. If SER in warm
8Figure 2.1: Specific energy input and requirement sensitivity example. Three discharge
zones (green, yellow, and red), corresponding description, and zone parameters (SER, con-
version, and flow rate)
or thermal plasma is close to that predicted by thermodynamic equilibrium modeling, it
usually means that the process is controlled by temperature only, and there is an effective
quenching mechanism that suppresses the reverse reactions. If SER in cold plasma is close
to the reaction enthalpy, it means that some very special non-equilibrium conditions are
realized, like selective vibrational excitation (e.g. CO2 dissociation in microwave plasma at
low pressure [23]) or a chain process that allows multiple use of a single charged or elec-
tronically excited particle for the chemical process propagation (for example see the idea of
non-equilibrium water dissociation [23]).
2.2.4 SEI and SER sensitivity
It is important, that SER is not very sensitive to system non-uniformity. To illustrate this,
let’s consider a rather extreme case. Let us assume that we have a gas (e.g. H2S) flow
through a very non-uniform discharge system (Figure 2.1).
In this system 16 of the flow Q is passing through a zone #1 with optimal conditions
where SER has the lowest value ε1 and conversion degree in this zone is α1, meaning that
9the power released in this zone is
W1 =
1
6
Q1ε1. (2.4)
Then, let’s assume that 16 of the flow Q is passing throw a zone #2 with the same power but
unfavorable conditions where SER has rather high value ε2 = 3ε1. And finally, let’s assume
2
3 of the flow Q is passing throw a zone #3 where there is no power release and therefore
there is no conversion (α3 = 0). It is easy to see that in this extreme case α2 = α1/3, and
total flow rate of the product (H2 forH2S dissociation with sulfur condensation):
Qp =
1
6
Qα1 +
1
6
Qα2 =
2
9
Qα1, (2.5)
while total power is
W = W1 +W2 = 2W1 =
1
3
Qα1ε1. (2.6)
In that case the average SER is
ε =
W
Qp
= 1.5ε1, (2.7)
rather close to the lowest value and absolutely insensitive to the flow through the plasma-
free zone.
On the other hand, SEI is very sensitive to the flow through the plasma-free zone. Thus,
for the example above, J1 = α1ε1 = J2; J3 = 0, and the average SEI is
J =
W
Q
=
1
3
α1ε1. (2.8)
Even though, SEI has much less sense for process characterization than SER, presenta-
tion of SER as a function of SEI is very convenient and will be used in this thesis because
it provides simultaneous information about the conversion degree α = J/ε. Also it is
rather obvious that SEI has significant sense in 0-D and 1-D kinetic and thermodynamic
simulations, as in these cases process temperature is completely defined by SEI.
2.3 Quenching
In the process of modeling we compute species concentration at certain temperature, which
is not the same that can be effectively reached in experimental and production conditions.
Most of the time the end products are collected at ambient temperature, which in the lab
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environment corresponds to 300 K. So, we know concentrations at elevated temperature
(suitable for high degree of dissociation or low SER), but we also need know how the drop
in temperature to ambient will affect the calculated concentrations. Thus, the resulting
concentration depends on the cooling or quenching speed of the process.
Let’s take hydrogen sulfide dissociation as an example. The dissociation causes H2S
to split into a number of species, which may include some of the following or even more
species depending on the temperature: H, H2, HS, H2S, S, and S2. Here S and S2 is a
gaseous because H2S dissociates at temperatures above 750 K, and at these temperatures
sulfur is already evaporated and found in the forms from S2 to S8 (with S8 being present
at lower temperatures). At the room temperature conditions (300 K) only the following
species remain: H2, H2S, and S (solid sulfur). In the worst case scenario the quenching is
so slow that all the products recombine back into H2S.
Let’s say the main product of interest is hydrogen, and let’s say final hydrogen con-
centration is [H2]f . Without performing detailed quenching kinetics modeling we can still
make meaningful estimations for the value of [H2]f , using absolute and ideal quenching
concepts [19].
2.3.1 Absolute quenching
One of the ways to estimate [H2]f is using the concept of absolute quenching. Absolute
quenching concept assumes that all stable products are preserved during quenching, and
the rest of the radicals convert to the initial substance. So, in our case:
M(H2)f = M(H2) (2.9)
M(S)f = 2M(S2) (2.10)
where M(X) is the number of moles of specie X. Now taking to account that S is solid
and this does not contribute to gaseous concentration of the products then
[H2S]f = 1− [H2]f . (2.11)
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2.3.2 Ideal quenching
The concept of ideal quenching assumes that all the radicals are converted into products
rather than initial substance. So, in the case of hydrogen sulfide dissociation:
M(H2)f = M(H2) +
1
2
M(H) +
1
2
M(HS) (2.12)
M(S)f = 2M(S2) +M(S) +M(HS) (2.13)
M(H2S)f = M(H2S) (2.14)
The final concentration of hydrogen ([H2]f ) is calculated, similar to hydrogen sulfide
final concentration the case of absolute quenching, using the following equation:
[H2]f = 1− [H2S]f . (2.15)
2.4 Thermodynamic equilibrium modeling
All the thermodynamic modeling was performed in CHEMKIN R© 4.1.1 software, which uses
STANJAN libraries to determine equilibrium mixture composition. In general, the method
for determining the equilibrium is based on minimizing Gibbs free energy. The large portion
of work on thermodynamics of H2S decomposition was done in the 80’s [24–28], these works
became foundation for our own research as well others [6].
Currently the data, which was used for our modeling, is publicly available through
NIST-JANAF thermochemical tables [29], and was expanded, updated, and pre-fitted by
Reaction Design for the use with CHEMKIN R© [30]. Specifically the following species were
first included in the model: H2S, HS, H, H2, S, S2–S8.
The model considered the temperature range from 750 K to 3000 K, 750 K is the tem-
perature of sulfur evaporation at atmospheric pressure, and no dissociation is observed at
temperatures lower than that. Even at lowest temperatures sulfur does not show in its
allotropic states (S8), even though it could be expected, but Luinstra noted that the most
likely reason for that is low partial pressure of sulfur vapor [6]. Consequently, the allotropes
(S3, S4, . . . , S8) were not used for further calcualtions, and, in general, we will call sulfur
its major gaseous form S2 and at higher temperatures atomic sulfur (S). The example of
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Figure 2.2: Thermodynamic equilibrium mixture composition as function of temperature,
calculated for pure hydrogen sulfide. In this model higher allotropes of sulfur (S3–S8) were
omitted from calculation
distribution of the species as a function of temperature is shown in Figure 2.2, assuming
that the source is always the same – 100 % hydrogen sulfide.
2.4.1 SEI and SER calculation
The enthalpy of the mixture and mixture composition are calculated for each set temper-
ature in the model (constant temperature and pressure equilibrium reactor was used in
CHEMKIN R©). This data is used to calculate corresponding SEI and SER of species:
J = HT −H0 (2.16)
and
ε =
J
α
(2.17)
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Figure 2.3: Results of the modeling at atmospheric pressure, comparing ideal and absolute
quenching concepts through H2 concentration as a function of temperature.
where HT is enthalpy of the mixture at temperature T , H0 is the enthalpy of H2S at room
temperature and α is the conversion degree. The conversion degree alpha was calculated
differently for ideal and absolute quenching concepts, this topic discussed in greater detail
in the following section.
2.4.2 Application of ideal and absolute quenching concepts
The definitions of absolute and ideal quenching, given in section 2.3, can be very well illus-
trated with thermodynamic model of hydrogen sulfide dissociation. The results produced
by such modeling are shown in Figures 2.3 and 2.4. Note the difference in both hydrogen
concentrations and SER of two different quenching mechanisms.
The primary difference in SER calculations for absolute and ideal quenching is the
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calculation of the conversion degree, α, so for absolute quenching model:
αabsolute =
[H2]
[H2] + [H2S] + 0.5[H] + 0.5[HS]
, (2.18)
and for ideal quenching model:
αideal =
[H2] + 0.5[HS] + 0.5[H]
[H2] + [H2S] + 0.5[H] + 0.5[HS]
. (2.19)
So, in both cases the denominator is the sum of all possible molecules/moles of H2 in the
eﬄuent mixture, while enumerator is either the number of molecules/moles of H2 only or
H2 and everything that can turn in H2 in case of ideal quenching.
Sulfur is always discarded as the quenching assumes it is turned into solid, which does
not contribute to volumetric flow rate of the eﬄuent gas (see SEI and SER definitions in
section 2.2. To illustrate the above calculation, the difference of the calculated hydrogen
mole fraction (in percent) is shown in Figure 2.3.
The Figure 2.4 clearly shows that the process following ideal quenching has lower SER
(2.03 eV/molec vs. 2.07 eV/molec), and therefore, it is of greater interest. Moreover, ideal
quenching result becomes even better at higher values of SEI. So, the following modeling
results are provided for ideal quenching conditions and following experimental sections
compare results with ideal quenching modeling results.
2.4.3 Effect of reduced pressure
In agreement with Le Chatelier’s principle, the reduction in pressure causes greater disso-
ciation and respectively lowers specific energy requirements. The results of the modeling
are show in Figures 2.5 and 2.6.
We can observe that thermodynamic equilibrium modeling even in ideal quenching as-
sumptions cannot explain the best results of experiments with microwave, radio frequency,
and gliding arc plasma discharges. Even at pressures of 0.001 atm (0.76 Torr) the best
modeling results for SER are 1.46 eV/molec. This observation leads to conclusion that the
earlier mentioned plasma systems must have noticeable degree of non-equilibrium, which
helps to reduce SER. If the system is non-equilibrium then it may be possible to observe it
in chemical kinetics modeling, which we discuss in greater detail in the following sections.
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Figure 2.4: Results of the modeling at atmospheric pressure, comparing SER for ideal and
absolute quenching concepts as function of SEI. The straight dotted line represents the ideal
line of 100 % conversion of H2S to H2.
2.5 Chemical kinetics modeling
Chemical kinetics modeling was performed using CHEMKIN R© 4.1.1 software, using plug-
flow reactor approximation model. For each set of calculations the following parameters
were kept constant: reactor cross-section area, volumetric flow rate (1 L/min), and pres-
sure (1 atm). Dependence of dissociation effectiveness on temperature was investigated
by changing constant temperature of isothermal reactor in the increments of 100 K. SEI
and SER of the model was calculated in the same way as it was done for thermodynamic
equilibrium models (see equations 2.16 and 2.17).
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Figure 2.5: Final hydrogen mole fraction, as function of temperature and pressure (under
assumption of ideal quenching).
2.5.1 Mechanism I
The first kinetic mechanism that we considered also used by researchers from the Kurchatov
Institute in Moscow [16–18]. The complete list of reaction of this mechanism is presented
in Table 2.1. This mechanism was updated with newer data from NIST chemical kinetics
database [31]. Noticeably, the mechanism is characterized by high activation energy of the
two initiating reactions (1 and 2 in Table 2.1). As a result and despite of the fact that some
small dissociation is possible thermodynamically under 1000 K, due the kinetic limitations
the process is very slow in this temperature range and thus, the same concentration of
hydrogen cannot be obtained keeping residence time within several seconds (technological
limitations for flow systems).
The comparison of this kinetic model results with those of thermodynamic equilibrium
are shown in Figure 2.7. We can observe that kinetic modeling curve matches thermody-
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Figure 2.6: SER as function of SEI and pressure (under assumption of ideal quenching).
Table 2.1: Mechanism I for chemical kinetic modeling of H2S dissociation.
# Reaction A (cm3/(molec s)) n Ea (kcal/mol)
1 H2S + M
 SH + H + M 2.92× 10−8 0.00 66.21
2 H2S
 H2 + S 3.16× 10−10 0.00 65.49
3 H2S + H
 H2 + SH 2.31× 10−7 1.94 0.90
4 SH + S
 H + S2 4.00× 10−11 0.00 0.00
5 SH + H
 H2S 3.01× 10−11 0.00 0.00
6 SH + SH
 H2 + S2 1.00× 10−14 0.00 0.00
7 SH + SH
 H2S + S 1.50× 10−11 0.00 0.00
8 S2 + M
 S + S + M 7.95× 10−11 0.00 76.96
10 H2 
 H + H 8.85× 10−33 -0.6 0.00
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Figure 2.7: Comparison of SER of the kinetic (Mechanism I) and thermodynamic modeling.
namic equilibrium, but this is only true if, we either make the flow extremely slow or reactor
length extremely long. The time that it takes for kinetic system to reach equilibrium is
shown as function of reactor temperature in Figure 2.8. This time is estimated by adjusting
plug flow reactor length until mole fractions of the species stop changing.
In general, industry acceptable time is no more than a few seconds. This time limit
comes from huge flow rates of gas that needs to be processed yet maintain reasonable size
of the installation. From the Figure 2.8 we can see that this time corresponds isothermic
reactor temperature from 1200 K to 1300 K.
2.5.2 Mechanism II
The later research by Binoist, et al. introduced and experimentally confirmed mechanism
that included additional species, H2S2 and HSS [32]. These species are radicals and not
found in products, but they provide additional pathway for dissociation. So, the Mechanism
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Figure 2.8: Residence time required for kinetics model to reach equilibrium as function of
reactor temperature. The fine dotted lines show the industrially acceptable process time
and corresponding temperature in the model.
I (Table 2.1) was amended by the reactions involving H2S2 and HSS. Reactions amended
to Mechanism I are shown in Table 2.2.
Addition of the seven reactions from Table 2.2 does not change the outcome of the
calculated SER values. Accordingly, we were not able to confirm some earlier studies
that the presence of H2S2 significantly changes the equilibrium composition [33]. As and
example, let’s consider thermodynamic equilibrium concentration difference of H2 and H2S
between the model that includes species from Mechanism I and the model based on species
from from Mechanism II (Figure 2.9). We can observe that absolute difference for neither H2
nor H2S does not exceed 0.15 %. The temperature corresponding to absolute maximum of
the difference is very close to the one corresponding to the maximum concentration of H2S2.
Quantitatively, H2S2 concentration also correlates very well with the discussed differences
and has the same order of magnitude (Figure 2.9). Both the difference in concentration
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Table 2.2: The reactions amended to Mechanism I to form Mechanism II.
# Reaction A (cm3/(molec s)) n Ea (kcal/mol)
1 SH + H2S
 H2S2 + H 3.32× 10−10 0.50 27.00
2 H2S2 + M
 SH + SH + M 3.43× 10−7 1.00 57.12
3 HSS + HSS
 H2S2 + S2 3.46× 10−15 2.37 -1.67
4 SH + HSS
 H2S + S2 3.66× 10−13 3.05 -1.10
5 H + HSS
 S + H2S 7.32× 10−11 0.00 6.32
6 H + HSS
 H2 + S2 2.51× 10−12 1.65 -1.10
7 S + HSS
 SH + S2 2.00× 10−2 2.20 -0.60
and H2S2 are present at low to intermediate temperatures, and both reduce to zero at the
temperatures above 2000 K.
Additionally, close inspection of time resolved solutions and their comparison with ther-
modynamic modeling of the mixture including H2S2 and HSS showed that there is significant
accumulation (just under 2 %) of H2S2 at lower temperatures 900 K to 1200 K.
2.6 Modeling summary
Thermodynamic equilibrium modeling of hydrogen sulfide dissociation showed that:
• Earlier reported minimum for SER of hydrogen production under assumption of ideal
quenching (2.03 eV/molec) remains valid after adding new species (H2S2 and HSS) to
list.
• The minimum of SER and corresponding equilibrium temperature show strong de-
pendence on pressure. This dependence is shown in Table 2.3.
• Low pressure dependence of SER, favors low pressure plasma system like microwave
system used in Kurchatov Institute [18]. This dependence also shows in experiments
by Nunnally et al [3] where experiments in the same reactor showed significant SER
reduction after pressure was lowered from 1 atm to 0.3 atm.
Chemical kinetic modeling of hydrogen sulfide dissociation showed that:
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Figure 2.9: The difference between H2 and H2S concentrations from thermodynamic models
corresponding to Mechanism I and Mechanism II (left y-axis). H2S2 concentration for
thermodynamic model based on the species from Mechanism II (right y-axis).
Table 2.3: Minimum specific energy requirement of dissociation and corresponding equilib-
rium temperature as a function of pressure.
Pressure (atm) 1.0 0.1 0.01 0.001
Temperature (K) 1875 1625 1425 1250
SER (eV/molec) 2.03 1.77 1.59 1.46
• Given sufficient time, both kinetic mechanism I and II produce SER of hydrogen
sulfide dissociation the same as the thermodynamic model.
• The time required for kinetic models to reach equilibrium is an exponential function
of reactor temperature. And even though, at SER favorable temperatures of 1700 K
or higher the equilibration time is less than 0.1 s, the equilibration time is too long
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for temperatures lower than 1600 K.
In general, modeling shows that high-temperature low-pressure conditions are favorable
for efficient H2S dissociation. Nonetheless, none of the models (even with ideal quenching
assumption) were able to match the efficiency reported from the experiments with gliding
arc, microwave, and radio frequency plasma.
2.7 Hydrogen sulfide conversion maximization
2.7.1 Dissociation at low-temperature
In general at lower temperatures the dissociation of H2S is very slow and prohibitively
expensive, this is a direct result of high activation energy of the initial reaction (#1, Ta-
ble 2.1), confirmed by a number of studies on H2S pyrolysis [32,34,35]. The benefit that can
be leveraged from this situation is that not only forward reactions are slow but the reverse
reactions are slow as well. So quenching speed requirements are minimal, thus preservation
of dissociation products is not an issue.
Now let’s assume that we can realize a catalytic effect, or in other words lower the
activation energy required for initiation of mechanism. One obvious solution would be
to employ a dedicated catalyst. Such method is, in general acceptable and thoroughly
researched [36–38], but has the same issues as the Claus process – large volumes, preheating,
and high maintenance.
Now, let us recall that ion-molecular reactions are in general exothermic and and have
no positive activation barrier [39]. Which, in other words, can be described as catalytic
effect of plasma, which was observed in a variety of plasma-chemical processes, with an
emphasis on pollution control and hydrocarbon reforming [40–44]. In the case of hydrogen
sulfide, such effect was not yet experimentally confirmed, but Nunnally et al. described
ion-molecular reactions as potential source of reduction of SER of dissociation [3].
Depending on the type of plasma applied a variety of ion formation mechanism exists.
At low temperature (non-thermal plasma) conditions a prevalent method of ionization is
by direct electronic impact. Without an assumption of completeness we present some of
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proposed mechanisms of of electronic impact ionization as an initiating process for dissoci-
ation:
• Direct ionization followed by dissociative neutralization [45,46]:
e + H2S→ H2S+ + 2 e (2.20)
H2S
+ + e→ HS + H (2.21)
• Ionization of the balance gas (M), leading to charge transfer reaction, and subsequent
dissociative neutralization [47]:
e + M→ M+ + 2 e (2.22)
M+ + H2S→ H2S+ + M (2.23)
H2S
+ + e→ HS + H (2.24)
• Direct electron collision dissociation of H2S [48]:
e + H2S→ HS + H + e (2.25)
• Electron collision dissociation or excitation of the balance gas, which produces active
species that contribute to H2S dissociation [48]:
e + M→ M∗ + e (2.26)
M∗ + H2S→ H + HS + M (2.27)
2.7.1.1 Dissociation through sulfane formation
As it is mentioned earlier, during analysis of the results of kinetic modeling of the ex-
panded dissociation mechanism (combined Tables 2.1 and 2.2) we observed that at lower
temperatures (800 K to 900 K) a significant amount of H2S2 is formed early in the pro-
cess. Inevitably H2S2 as the system approaches equilibrium H2S2 disappears giving way
to common products, sulfur and hydrogen. The research into properties of H2S2 revealed
that H2S2 belongs to a group sulfur compounds known as sulfanes. In general, H2S2 is
not a radical, but it is a stable compound that can be present as a product even at room
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Figure 2.10: SER as a function of SEI for ideal thermodynamic equilibrium model and ki-
netic model with sulfane as a major product. The temperatures corresponding to minimum
SER are shown for each model.
temperature [49]. Sulfanes are knows to form long chains, and are generally expressed as
H2Sn, where the largest measured value of n is 35.
The existence of sulfanes and their accumulation suggested the following hypothesis:
Unlike standard hydrogen sulfide pyrolysis mechanism, plasma dissociation enables an al-
ternative dissociation pathway through formation of sulfanes as the primary product, making
possible the following global reaction:
H2S→
(
1− 2
n
)
H2 +
1
n
H2Sn. (2.28)
In order to estimate the potential benefit of such reaction we performed kinetic modeling,
in which we suppressed the reverse reactions of sulfane formation (2.2, reaction 1). The
resulting energy requirement for dissociation is significantly lower than in the case of basic
mechanism (Figure 2.10).
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2.7.1.2 Dissociation on charged sulfur clusters
Plasma catalytic effect from hydrogen sulfide dissociation on sulfur clusters expended from
the group’s prior experience with “dusty” plasmas. Currently the term of “dusty” plasmas is
closely associated with nanoparticle formation, but originally the term came from a problem,
which such nanoparticles caused in etching and PECVD (plasma-enhanced chemical vapor
deposition) [50].
We will focus one one specific type of “dusty” plasma, and that is in silane (SiH4) or
silane/argon mixture [51–54]. Through the extensive research it was shown that formation
of silane nanoparticles is complex multistage process, which has an important, for us, core
mechanism, which is known as Winchester mechanism [55,56]:
SinH2n+1
− + SiH4 → Sin+1H2n+3− + H2 ± 0.07 eV, (2.29)
where depending on n the reaction can be thermo-neutral, lightly exothermic or endother-
mic.
So, we propose the hypothesis: at relatively low temperatures (under 1000 ◦C) plasma
can catalyze H2S dissociation through generally thermo-neutral mechanism analogous to
Winchester mechanism of silane clusterization with the following general reaction:
Sn
− + H2S→ Sn+1− + H2. (2.30)
Using n + 1 = 35 corresponding to the maximum length of sulfane chains (discussed in
Section 2.5.2), one could expect up to 34 virtually free consecutive reactions after first
sulfur ion (S–) formation. The specific energy requirement for generation of such ion greatly
depends on the plasma discharge, but for non-thermal plasmas it should be no less than
ionization potential (approximately 10 eV per ion).
2.7.2 High temperature dissociation (pyrolysis)
The possibility of achieving high conversions in a high temperature process is directly related
to the ideal quenching concept and understanding that, provided sufficient SEI (and as
direct consequence of that high enough temperature), all hydrogen sulfide will dissociate
to the basic radicals (H, HS, and S; see Figure 2.2). Also note that in Figure 2.4 at the
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SEI approaching 4 eV/molec the ideal quenching SER curve asymptotically approaches the
line where SER and SEI are the same, ε = J , which through relation of SEI and SER
(Equation 2.17) means that α→ 1.
Unfortunately it is impossible to collect or separate products at such high temperatures,
and therefore the eﬄuent mixture for a reactor would need to be cooled down (quenched).
The two primary products of H2S pyrolysis are hydrogen and sulfur, and both of them
can not be collected at thermodynamically favorable temperatures of more than 2000 K.
Sulfur, must be cooled down to at least its condensation temperature, 745 K. Hydrogen
must be separated from H2S, which is achievable through a variety of membranes, but most
of the membranes do not function above 1300 K and even fewer can withstand H2S at high
temperatures [57,58].
The speed of such cooling (usually measured in K/s and often called quenching rate) di-
rectly effects the composition of the mixture once it is cooled. The two extreme examples of
quenching speed effect on product mixture composition are infinitely fast and slow quench-
ing speeds. The first one would allow to save all the dissociated species, but of course they
can not stay as radicals so they will recombine into H2 and H2S producing concentrations
somewhere between absolute and ideal quenching models. The second extreme will cause
everything to revert back to its original state, hydrogen sulfide.
2.7.2.1 Quenching model
In order to understand the realistic quenching speeds that may be required for to prevent
product recombination of product mixture back to hydrogen sulfide. The kinetic modeling
was performed that simulated the quenching process via plug flow reactor where tempera-
ture was changing a long the distance of the reactor to achieve a certain quenching speed,
s which was calculated as:
s =
T0 − Tf
tr
, (2.31)
where T0 and Tf are initial and final temperatures respectively and tr is the residence time
of the mixture within the cooling zone.
For our example let’s take an initial temperature, T0 = 2000 K, which are close to
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Table 2.4: Equilibrium composition mixture of dissociated H2S at the temperature of 2000 K
(mass fractions of species are shown).
H2S SH H2 H S S2 S4
0.231 0.037 0.044 4.88× 10−5 0.002 0.686 1.58× 10−5
ideal for SER minimization, and close to the operating condition os gliding arc “tornado”
reactor used by Nunnally et al. [3, 59]. The first step is to calculate the composition of the
mixture. At this temperature the equilibrium mixture composition is shown in Table 2.4
(see Section 2.4).
Then we chose three profiles: “fast”, “medium”, and “slow”, which correspond to the
quenching speeds: sf = 9.86× 106 K/s, sm = 8.47× 105 K/s, and ss = 7.01× 104 K/s. In
each of these cases the profiles were chosen in such a way that final temperature of the first
segment was from 900 K to 1000 K – the temperature range where both forward and reverse
reactions become very slow (see Section 2.5), and no further quenching is necessary. The
second segment corresponds to ten times slower quenching and it’s final temperature was
300 K, and then the third segment corresponded to constant room temperature, which was
added to ensure that model reaches steady state conditions. The example of the profile for
the “fast” quenching is shown in Figure 2.11.
As expected the effect of the quenching speed is significant th resulting profiles of hy-
drogen (in this case assuming absolute quenching model) and hydrogen sulfide fractions are
shown in Figures 2.12 and 2.13 respectively. In both cases the time is cut off when the mass
fraction of the species reaches steady state.
Another interesting yet not so important from the application point of view is the fact
that quenching changes the expected sulfur state when compared to equilibrium. Specifi-
cally, without including higher order sulfur allotropes, we can see that S4 forms from S2 if
the mixture undergoes forced quenching (see Figure 2.14 for details) even at slow cooling
speed. We can observe this transition at about 10 ms, while before S2 is clearly adds to the
formation of H2S during reverse reactions.
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Figure 2.11: “Fast” quenching profile for plug-flow reactor – gas reactor temperature as a
function of residence time in the quenching zone (third segment is cropped off for clarity of
the first two)
2.7.2.2 Quenching hypothesis
The quenching kinetics modeling showed clearly that significant amount of hydrogen can
be preserved if the dissociated eﬄuent mixture is cooled fast enough to facilitate quenching
speed of sf ≈ 108 K/s. In our earlier discussion we assigned the the terms of “fast”,
“medium”, and “slow” quenching speed only to distinguish between the three. In reality
even the slow quenching speed is rather fast, while the quenching rates comparable to “fast”
speed are only achievable in sophisticated supersonic nozzle systems [60].
Nonetheless, we propose the following hypothesis: a significant improvement in hydro-
gen sulfide conversion to hydrogen and solid sulfur can be achieved in a plasma system by
increasing both specific energy input and quenching rate of the eﬄuent mixture.
The analysis provided in the previous sections shows that target parameters for high-
conversion system based on thermal dissociation of H2S should be:
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Figure 2.12: H2 mass fraction profiles as function of time for each of the quenching speeds
(notice logarithmic time axis).
• SEI of 2 eV/molec or more, which would correspond to the average mixture temper-
ature of 2350 K at atmospheric pressure conditions
• The quenching rate of the level of “medium” order or higher, which corresponds to
107 K/s
The experimental investigation of the above hypothesis is covered in great detail in the
chapter 4.
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Figure 2.13: H2S mass fraction profiles as function of time for each of the quenching speeds
(notice logarithmic time axis).
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Figure 2.14: Sulfur metamorphosis during “slow” quenching. The S radical is not shown as
it is present is significantly smaller amounts, and at this scale would be indistinguishable
from zero concentration.
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CHAPTER 3: NON-THERMAL PLASMA FOR
HYDROGEN SULFIDE DISSOCIATION
3.1 Introduction
In order to test the hypotheses stated on H2S dissociation through sulfane formation or on
negatively charged sulfur clusters we had to chose the discharges that would allow us to
work gas temperature equal to ambient. This can be achieved through application of non-
thermal plasma discharges. Some discharges, which could be considered non-thermal, like
gliding ark, low-pressure microwave, and radio frequency [61–63] may in fact be thermal
for the purposes of this study. This is due to the fact that these discharges often have
“hot spots” reaching temperatures above 1500 K [64,65]. Thus, we chose dielectric barrier,
corona, and streamer discharges for our study [66].
3.2 Materials and methods
Throughout majority of the experiments, a common reactor design was used to minimize
potential errors and uncertainties related to changes in geometry of the reactor and in-
strumentation. Some significant changes to reactor configuration were made in the case
of nanosecond dielectric barrier discharge, which are covered in great detail in the section
devoted to that particular reactor.
3.2.1 Measurements
As it is mentioned earlier two primary parameters for comparison of different plasma systems
in their effectiveness of H2S dissociation are SEI and SER. Consecutively for all the plasma
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systems used in our study a uniform measurement techniques had to be used to ensure that
the results are fully comparable. In the following sections describe measurements involved in
SEI and SER calculation. If, for any discharge configuration, a certain change was made for
the measurement methods they are discussed in the sections corresponding to a particular
discharge.
3.2.1.1 Eﬄuent mixture composition
Exhaust gas mixture was sampled with vacuum tight disposable 60 mL syringe. The samples
were taken from a low pressure stage of the experimental system, and consequentially, the
size of the sample at normal conditions was 6 mL to 15 mL depending on the system pressure.
The samples were analyses with a gas chromatograph (Agilent Micro GC 3000). The mole
fractions of H2, H2S, N2, and O2 were measured. Measures were taken to ensure that small
amount of nitrogen and oxygen were the result of a sampling procedure only and were not
a part of the exhaust gas. This parasitic nitrogen and oxygen were always in same relative
concentrations as in ambient air and the overall molar fraction did not exceed 4 %.
The mole fractions of H2S and H2 were normalized to 100%. This is acceptable under
assumption that the only gaseous product that is produced in H2S dissociation is hydrogen
or, in other words, if
H2S −−→ αH2S + (1−α)H2 + Ssolid (3.1)
where α is molar fraction of H2 in the product stream that is equal to the conversion degree
for this particular process. In this case the SER of H2 production and H2S dissociation are
the same.
3.2.1.2 Plasma power
The power input was calculated from measurements of voltage and current obtained from
an oscilloscope (Tektronics TDS5052B), using a high voltage probe and either probe or
shunt for current measurement depending on the type of the discharge. Voltage-current
product was integrated over time to calculate average power:
P =
∫ τ
0 UI d t
τ
, (3.2)
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where U and I are voltage and current respectively, and τ is the length of a single period
for high frequency corona and DBD discharges. In the case of a DC discharge the above
formula reduces to
P = UI. (3.3)
3.2.1.3 Flow rate
The flow rate of the hydrogen sulfide feed gas was measured using rotameters with 2 % full
scale accuracy. The rotameters were calibrated for air and the conversion factor fm was
used to adjust for H2S:
fm =
√
MAir
MH2S
(3.4)
QH2S = fmQAir (3.5)
where M is molecular weight. The use of such conversion factor makes flow rate measure-
ment precision rather low with the error on the level of 10 %. In the general case, additional
corrections for pressure and temperature would have to be made, however the inlet gas pres-
sure was maintained at 1 atm and temperature at 25 ◦C throughout the experiments, thus
eliminating the need for such correction.
3.2.1.4 Specific energy input and requirement
SEI was calculated from H2S flow rate Q, set at the inlet of the reactor, and from power
measurements, which were described earlier (3.2 and 3.3), as follows:
J = P/Q (3.6)
where J is specific energy input.
And, SER of hydrogen production:
ε = J/α (3.7)
where α is the conversion degree (equal to the mole fraction of hydrogen in the exhaust
mixture after cooling and sulfur separation).
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3.2.2 Shared parameters and configuration
The body of the reactor was made out of a quartz tube with the length of 0.6 m to 1.2 m,
internal diameter of 47 mm, and wall thickness of 2.5 mm. Reactor ends were closed with
high purity silicone stoppers, which are heat resistant up to 250 ◦C.
All the metal reactor parts and connections, unless especially mentioned, were made
out of type 316 stainless steel (SS). Gas transport outside of the high temperature zone was
provided by clear PVC tubing with 3.2 mm (inlet) and 9.5 mm (exhaust) internal diameter.
Exhaust mixture was filtered from sulfur via 10 µm polyester filter and scrubbed off hydrogen
sulfide via 3 L washing bottle of 20 % water solution of sodium hydroxide (NaOH). A double-
stage diaphragm vacuum pump was used to maintain low pressure (usually below 200 Torr)
in the discharge zone. Gas flow rate was measured and controlled with rotameters (gas
pressure in the flow rate measurement point was maintained at 1 atm).
For all the experiments there was no additional carrier gas used, and all the experiments
were performed in 99.95 % hydrogen sulfide (where possible impurities may include trace
amounts of hydrocarbons and nitrogen). High purity nitrogen was used to purge H2S out
of the reactor at the end of each experiment. A simplified schematic of the installation is
shown in Figure 3.1.
3.2.3 AC corona discharge
The AC corona discharge was arranged along the reactor axis with 0.25 mm molybdenum
wire serving as a high voltage electrode and furnace casing serving as a ground. Custom-
built high-voltage high-frequency AC power supply was used. The schematic of the corona
reactor is shown in Figure 3.2.
3.2.4 Dielectric barrier discharge
The DBD was arranged similar to the corona but with the ground electrode made out of a
thin (0.5 mm) aluminum 20 mm wide stripe wrapped tightly around the quartz tube. Two
series of experiments were performed when DBD was placed before and after the furnace.
The power supply that was used in AC corona discharge experiments was used for DBD
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Figure 3.1: Simplified schematic of the experimental setup (NV – needle valve, BV – ball
valve, PG – pressure gauge, and 3-WV – 3-way ball valve).
Figure 3.2: Schematic of the corona reactor: 1 – power supply, 2 – silicone stopper, 3 – SS
inlet tube, 4 – grounded furnace walls, 5 – molybdenum wire, 6 – SS spring and hook, and
7 – quartz tube.
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Figure 3.3: Schematic of the DBD reactor: 1 – power supply, 2 – silicone stopper, 3 – SS
inlet tube, 4 – furnace walls, 5 – molybdenum wire, 6 – SS spring and hook, 7 – quartz
tube, and 8 – DBD ground.
experiments as well. The schematic of the DBD reactor is shown in Figure 3.3.The length
of the furnace and flow rate of the H2S was chosen in corona and DBD experiments so that
the gas would heat up to the set furnace temperature. The estimation showed that the
expected residence time within the furnace can be up to 1 minute, which would guarantee
gas preheating.
3.2.5 Streamer
The streamer discharge was organized between two pointed electrodes at 20 cm distance
from the inlet. The furnace was not used for the streamer discharge experiments. A high
voltage nanosecond power supply (FID FPG 20-01NK10) was used as a power source. The
schematic of streamer discharge reactor is shown in Figure 3.4.
3.2.6 Nanosecond DBD
The general experimental procedure in this study did not significantly differ from the ear-
lier study by our group [22]. A few minor changes include improvements made to the
pump, which allowed us to place it prior to hydrogen sulfide scrubber, and the sampling
method, which was changed from syringe-sampling to continuous line feed via bypass to
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Figure 3.4: Schematic of the streamer discharge reactor: 1 – power supply, 2 – silicone
stopper, 3 – electrodes, 4 – quartz tube, and 5 – Teflon R© nozzle used for the glow discharge.
Note, that the same discharge configuration was used for experiments with contracted glow
discharge (Section 4.2.1).
Figure 3.5: Indecent and reflected pulses used for power calculation in streamer discharge.
Here voltage pulses presented to show maximum.
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gas chromatograph. The major changes were made to the dissociation reactor, and these
are described in the following sections.
3.2.6.1 Preliminary studies and initial reactor design
One of the two possible catalytic dissociation mechanisms is via sulfur clusterization on
negative sulfur ions (similar to Winchester Mechanism in silane plasma [56], Section 2.7.1.2).
It was expected that if such mechanism existed it would strongly and radically differently
respond to DC corona of different polarities. Thus, the initial intention was to design a
reactor with the same general configuration and dimensions as in AC corona experiment,
but have it connected to a high-voltage DC power source with variable polarity. The
available power supply that satisfied the requirements was limited by the maximum voltage
of 30 kV and current of 300 mA. As a consequence, its maximum power output of was 9 W,
which under geometric and flow restrictions in the reactor did not provide enough SEI for
a measurable hydrogen production.
Additionally, the geometry adopted from earlier studies forced us to create corona in
what can be described as pin-to-pin configuration (one of the electrodes was a needle, and
the other one had a spherical shape with approximately 2 cm in diameter). As a result,
both positive and negative corona would not provide a typical discharge localized at the
electrodes, but rather create long sparks (up to 50 cm) from one electrode to another and
from the walls to an electrode. Such sparks a locally thermal, and therefore, operating in
such regime was not desirable.
The reactor design was changed to allow for a possibility to use a different power source,
a significantly more powerful DC power supply capable of producing current up to 1 A, but
limited to 10 kV of voltage. Additionally, the geometry of the reactor was changed to a
wire-in-cylinder configuration, while simultaneously the entire reactor was reduced in size
(3 times in length and 2 times in diameter). Also, the quartz was replaced with stainless
steel as the reactor wall material, while the axially positioned wire was the same as in
earlier AC corona studies (molybdenum, 0.25 mm in diameter). This reactor configuration
performed very well in initial experiments at room temperature, but eventually failed once
it heated up to the desired temperature level. The failure was caused by stainless walls
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deteriorating from the inside because of the reaction with hydrogen sulfide. The search for
a more exotic metal or alloy to replace stainless steel in these conditions was abandoned in
the favor of the design, which is described in great detail in the following section and was
adopted for the rest of the study.
3.2.6.2 Reactor Design
After a number of unsuccessful reactor configurations, a “double”-dielectric barrier reactor
was chosen for the experiment. In this design we eliminated any possible contact of hydrogen
sulfide with metallic parts. In this configuration we have double dielectric barrier, covering
both grounded and high-voltage electrodes. All the flanges and fitting were made from
PTFE, which provided both good dielectric and heat resistance. The details of the design
are shown in Figure 3.6.
The new reactor design required significantly higher voltage for breakdown, so in order
to allow the use of the nanosecond power supply (discussed in Section 2.3) the inner diameter
of reactor was reduced. Consecutively the old tubular furnace was no longer usable. The
new furnace had both smaller diameter of the tube and heating zone length, which required
significant reduction in reactor size (see Figure 3.6 (a, b) for details).
The most significant change was made to the high-voltage electrode, which was now
encased by the quartz tube. In order to prevent quartz damage from internal metallic
electrode expansion and simultaneously provide uniform contact of conductor with inner
surface of the quartz, a compound electrode design was chosen (Figure 3.6c): 1 mm stainless
steel wire was placed on the axis of the quartz tube with 5 mm inner diameter, the remaining
empty space was filled with silicon carbide powder in the discharge zone and with alumina
powder outside of the discharge (at the tips of the electrode). Two kinds of such electrodes
were made: one of the full reactor length and the other approximately half as long. The
shorter electrode was made of the quartz tube closed on one end, such configuration allowed
us to position this electrode with its tip at any distance from the furnace center. In the same
way a thermocouple was protected (filled with alumina powder only) from both plasma and
hydrogen sulfide. You can find photo of the electrodes in Figure 3.7.
In both short and full length electrode configuration ceramic centering rings were used.
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(a) (b)
(c)
Figure 3.6: Drawings of ns-DBD reactor: (a) complete assembly, 1 – gas inlet/exhaust;
(b) reactor flange, 2 – PTFE flange body, 3 – PTFE fittings, 4 – electrode assembly; (c)
magnified reactor cross section, 5 – quartz wall of the high-voltage electrode, 6 – stainless
steel high-voltage core, 7 – quartz wall of the reactor, 8 – external (ground) stainless steel
electrode. All dimensions are approximate and in millimeters.
The rings served two purposes, the first was as implied to center the electrodes (or ther-
mocouple), and the second was to protect PTFE flanges from radiative heating. The rings
were placed inside the reactor at a distance of 1 cm to 2 cm from the end of each flange
(just outside or on collinear with furnace walls).
The furnace used for the experiments had to be stripped off all the control, measurement,
and automation as the temperature measurement and control circuit was rendered useless
due to high electro-magnetic interference (EMI) caused by the pulsed nature of discharge
(more about EMI in Section 3.2.6.3). The control was reduced to a high-voltage transformer,
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Figure 3.7: Photo of the nanosecond DBD reactor with copper mesh electrode as it is
placed in the furnace: 1 – reactor flange with fittings, 2 – outside quartz wall and o-ring
seal underneath, 3 – grounding wire connection, 4 – current probe, 5 – grounding electrode
ties, 6 – ground electrode, 7 – heating elements if the furnace.
which was used to manually adjust furnace power until desired temperature was reached.
The photo of the assembled reactor in the furnace is shown in Figure 3.8.
3.2.6.3 Power supply, voltage and current measurements
In order to create high voltage pulses with very short duration we chose a power supply by
FID Technologies, FPG 20-05NM. This power supply provides positive polarity pulses with
the magnitude up to 25 kV, duration of 12 ns, and rise time of 2 ns at a desired frequency,
which can be varied from 1 Hz to 1000 Hz, if used with a pulse generator. In our study
the pulse generator was not used and the power supply frequency was set via a non-linear
turn-knob, which allowed to vary frequency from 137 Hz to 1023 Hz.
Unfortunately this power supply when used for plasma applications is known to cause
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Figure 3.8: Electrode, thermocouple, and centering rings: 1 – thermocouple, 2 – place of
high-voltage cable connection, 3 – plasma zone (filled with silicon carbide), 4 – holes to
pass through electrodes, 5 – holes for the gas passage (this is a compound photo – centering
rings and electrodes have different scale).
high EMI both over the air and in power line. Such interference prevented us from providing
precise automated temperature control of the furnace, using gas chromatograph for in-line
analysis of the eﬄuent mixture, and taking temperature reading while the discharge was
on.
The current probe, pictured in Figure 3.8, proved to be unusable for current mea-
surements in the discharge circuit, it provided data with significant delay and inadequate
resolution. An alternative solution was found based on our the prior experience with this
type of power supply [22] and work by Udagawa et al [67]. The solution required extended
length of the power cable with the return current shunt. The shunt was composed of ten
3 Ω resistors for a total resistance, Rshunt = 0.3 Ω. So, the discharge energy per incident
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and reflected pulse was calculated as follows:
E = Z
∫ τ
0
(
Vshunt
Rshunt
)2
dt (3.8)
Where Vshunt is voltage measured across the shunt and Z is transmission line (cable)
impedance. The discharge power was calculated from the energy per pulse and the fre-
quency, f :
P = (Eincident − Ereflected) f (3.9)
An extended investigation showed that there is slight dependence of discharge voltage on
the frequency set on the power supply, but as these values were measured independently,
so this dependence has not effect on the power calculations. Additional research showed
that there is noticeable power loss in the cable, which was not taken to account in the
above calculations. This power loss, Pcable, was determined to range from 0.41 W to 2.03 W
depending on the power supply voltage. So, the plasma power, Pplasma, was recalculated:
Pplasma = P − Pcable (3.10)
3.3 Experimental Results
3.3.1 AC corona discharge
The experiments with corona discharge were performed at constant flow rate, pressure,
and power supply settings. The flow rate was set to 0.22 L/min (here as well as in the
following sectionsL/min refer to normal liters per minute at temperature 298 K and pressure
1 atm). The power supply was set to its maximum frequency and voltage settings, which
corresponded to the discharge power of 2.1 W. The pressure was set to 265 Torr. This
regime was chosen in order to obtain noticeable and reproducible dissociation of 0.5 % at
room temperature. The corresponding SEI was equal to 0.13 eV/molec, while SER equal
to 26.6 eV/molec.
The corona discharge operating in this regime did not provide noticeable gas heating.
Consequently, the furnace was used to heat up the gas in the reactor to the desired tem-
perature. The furnace (Carbolite STF 16/610) allowed changing temperature in the range
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300 K to 1200 K. Temperatures beyond 1200 K compromised reactor integrity by melting
the silicone stoppers and plastic tubing. Furnace temperature controller provided stable
operation at high temperatures (above 700 K) where the error would only be on the level of
10 K or about 1 %. At the lower temperatures the error was noticeably higher 25 K to 50 K
or up to 10 %. Dependence of hydrogen concentration and SER of hydrogen production on
temperature in corona discharge and results of thermodynamic equilibrium modeling for
H2 concentration are shown on Figure 3.9.
Literature research showed that there were no experiments done in the past with AC
corona discharge. Some work was done with pulsed corona, but if implemented correctly,
this discharge is the same as multiple streamer discharges, and therefore, these works are
compared with our streamer discharge experiments.
The dependence of H2 concentration on temperature, which is presented in Figure 3.9,
can be explained, by low thermal dissociation kinetics at relatively low temperatures (below
1100 K). However, in the case when the gas is heated to higher temperature (close to
1200 K), it does not cool fast enough to prevent reverse reactions.
An interesting observation can be made from the Figure 3.10. At gas temperature of
970 K, SER of relative hydrogen production is several times lower than at any other point.
This result indicates that corona discharge may have a catalytic effect on thermal dissoci-
ation, which is expected in this temperature range. More experimental data is necessary
to test this hypothesis and to quantify this effect. It maybe also worthwhile to look at
the chemical kinetics at this temperature in more detail, and it would be advantageous
to use some of the kinetic mechanisms developed recently that have good agreement with
experimental data in a close temperature range [32,34,35].
In the case of the corona experiment the SER was calculated in two ways: relative
hydrogen production between the experiments with and without plasma, and full SER that
includes the heating energy of the furnace. So, for each temperature setting relative SER,
εr:
εr =
J
αp − αt (3.11)
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Figure 3.9: Comparison of hydrogen mole fraction in experiment (control and corona as-
sisted) and in thermodynamic equilibrium modeling.
And full SER, εf :
εf =
∆H + J
αp
(3.12)
Here α is hydrogen concentration in a product flow for the case with plasma (αp) or with
the furnace only (αt), and ∆H is difference between gas enthalpies at the furnace and room
temperatures. The dependence of relative and full SER of hydrogen production is shown
in Figure 3.10.
At high temperatures hydrogen production rate was below the thermodynamic equilib-
rium, however followed the thermodynamic equilibrium model under assumption of absolute
quenching. Hydrogen concentration difference between the experiments with corona and
without varied in the range from 0.2 % to 1.7 %, and corresponding SER of relative hy-
drogen production in AC corona discharge also varied in a wide range 7.9 eV/molec to
68.9 eV/molec at the constant SEI of 0.13 eV/molec. A significant minimum of SER for
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Figure 3.10: Full and relative SER of hydrogen production as a function of gas temperature.
See Equations 3.11 and 3.12 for relative and full SER calculation respectively.
the relative hydrogen production is observed at the temperatures close to 1000 K. At this
temperature range corona accelerates chemical equilibrium approach that reminds plasma
catalytic effect. It is worthwhile to study this effect additionally.
3.3.2 Dielectric barrier discharge
The experiments with DBD were performed at constant pressure, flow rate, and power
supply settings. The pressure was 187 Torr, and flow rate was 0.09 L/min. A noticeable
difference was observed in the results of DBD and corona experiments. The hydrogen
production in the DBD reactor was a lot higher than corona at the room temperature
and equal to 18.5%. The discharge filaments were few and most likely hot. The exact
temperature was not measured, but the discharge heated up the surface of the reactor,
which at that time was not heated by the furnace, to approximately 60 ◦C to 70 ◦C, and
inside the reactor within the area covered by the outer electrode, the sulfur remained liquid
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Figure 3.11: Hydrogen production in DBD as a function of gas temperature and comparison
with results of thermodynamic equilibrium modeling under the assumption of absolute
quenching. The modeling was performed for the pressure of 0.25 atm.
(the sulfur melting temperature is 388 K and boiling temperature is 717 K at atmospheric
pressure).
The observed heating corresponded to the significant increase of SEI (in comparison with
corona), which was found to be 1.68 eV/molec. Dependence of hydrogen production in DBD
on temperature and its comparison with results of thermodynamic equilibrium modeling
are shown on Figure 3.11. The experiments with DBD positioned after the furnace did not
differ significantly from those obtained with DBD positioned in front of the furnace, and
therefore, only the data from the DBD positioned in front is presented.
The dissociation of 18.5 % of H2S was observed at the room temperature. This level
of dissociation, which is significantly above the equilibrium, remained virtually constant
in the temperature range 300 K to 700 K. A reduction of dissociation was observed at the
temperatures above 700 K, which was likely caused by the accelerated reverse reactions at
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higher temperatures. The SER of hydrogen production without additional gas heating was
found to be 12 eV/molec at the SEI of 1.68 eV/molec.
There are few publications reporting the use of dielectric barrier discharge for H2S
dissociation, but nonetheless, one reported experiment had conditions that are very similar
to the conditions of this study [68]. The results that were reported in the literature are
all in the higher range of SEI from 1 eV/molec to 15 eV/molec, and corresponding SER
was also quite high from 37 eV/molec to 106 eV/molec. The experimental results presented
here were also obtained at rather high SEI of 1.68 eV/molec, but the corresponding SER
of 12 eV/molec is much lower than in the experiments of Traus and Suhr [68]. This can be
explained by the difference in pressure, temperature and discharge frequency conditions in
the experiments presented here and in those presented by Traus and Suhr. The discharge of
Traus and Suhr was arranged in a high temperature zone with a discharge gap of only 1.5
mm, and in that case a high temperature wall could catalyze the reverse reactions (compare
with Figure 3.3).
The overall performance of the DBD discharge does not seem to be sufficient for eco-
nomically reasonable hydrogen sulfide dissociation, and the following should be noted: DBD
as well as corona has high E/n and low average gas temperature. Even though it may be
possible to reduce SER by reducing SEI in the DBD reactor it still seems unlikely that
this discharge configuration could provide dissociation with SER close to thermodynamic
minimum. We must also note that the DBD discharge, despite of the low pressure, but
likely due to large distance between the electrodes was highly non-uniform, which results
in hot filaments despite the low average gas temperature.
3.3.3 Streamer
Corona and DBD discharge, even though different in their organization and SEI value, had
tow important common features that the following experiment with nanosecond streamer
discharge had to highlight. The first common feature is high E/n in combination with low
gas heating, on average. The second feature is the filamentary nature of the discharges
combined with the overall non-uniformity, which in both cases may have resulted in local
pyrolysis of hydrogen sulfide with following recombination, where degree of recombination
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Figure 3.12: Average power of the streamer discharge as a function of discharge frequency.
depends on the average gas temperature, which was set by the furnace.
The streamer discharge was generated at different frequencies 10 Hz to 160 Hz with 10 ns
pulse of voltage (30 kV). The experiment was performed at constant flow rate of 0.15 L/min
and constant pressure of 150 Torr. Such short pulses, especially at the lower frequencies
prevent discharge transition into spark, by keeping it cool – such discharge insures the that
all dissociation is initiated by electronic impact and not temperature.
Power measurements showed that streamer discharge power proportionally increased
with the discharge frequency (see Figure 3.12), which means that discharge had thermal or
otherwise “memory” effect leaving each pulse independent from one another.
At the same measured hydrogen concentration was proportional to steamer discharge
power (see Figure 3.13), and as a result, the SER remained virtually constant and equal to
14 eV/molec.
In general, the results of our experiments with the streamer discharge are comparable
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Figure 3.13: Hydrogen production as a function of streamer discharge power.
with the SER of pulsed corona discharge reported by other research groups [46, 48]. No
other research works were found discussing a single streamer for H2S dissociation, which is
mostly due to the fact that a single streamer system is not practical for any applications.
Only recent reports showed some pulsed corona results that are significantly better
than any other previously reported results for corona as well as many other discharges at
pressures of 1 atm and higher [69]. It is important to note that high frequencies used in
the experiments by John et al. [69] (when the best results were obtained) may have led to
formation of sparks or just heating of the discharge channels. These assumptions are based
on the fact that the discharge was visually much brighter than more powerful corona units
operating at atmospheric pressure [70].
The authors also reported that the discharge was not uniformly distributed along the
high voltage wire anode, but was concentrated in different places depending on the gas
nature. Existence of these “preferable” places means that the conductance did not drop
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completely between voltage pulses, and this makes this discharge closer to a filamentary
DBD or spark discharge. The reported energy input could heat the gas in the reactor by
450 K, thus making it 750 K total. This temperature alone cannot be responsible for the
SER of 4.9 eV/molec (the best results reported in [69]), however, if the energy input was
not uniform, local temperature increase could be much higher and in that case the reported
low SER can be a result of local thermal dissociation.
3.3.4 Nanosecond DBD
Throughout the preliminary experiments the observation was made that despite carefully
chosen flow rate with respect to reactor cross-section the concentration of hydrogen in the
control experiments are lower than they were in the earlier study with a larger reactor and
furnace [22]. The investigation on the matter showed that temperature profile in the reactor
is very non-uniform. Moreover, the zone where the temperature could be assumed to be
relatively constant was narrow – no more than 5 cm on either side from the furnace center
(see Figure 3.14), which is less than one third of the overall furnace length. Therefore,
from here on, we will refer to the temperature at the center of the reactor, as measured by
thermocouple placed on the axis of the reactor, as reactor temperature.
Similar to the a larger diameter reactor used in our earlier studies [22], this reactor
design was limited by the temperature that it can withstand without damage, and this
temperature is approximately 950 ◦C. At higher temperatures the external (grounded)
electrode would deform, bind to the quartz wall of the reactor, and deteriorate very fast
(through oxidation), and despite the protection from centering ceramic rings the reactor
flanges would also start to deform. The above observations concerning ground electrode
give an indication of very strong temperature gradient between the axis of the reactor and
its wall.
Upon completion of the preliminary studies the experiments were performed at the
constant parameters of pressure (160 Torr), H2S flow rate (1 L/min), discharge frequency
(400 Hz), and geometry. The high-voltage electrode used in these experiments was of “half-
length” variety as shown in Figure 3.7. Such electrode configuration allowed us to position
it at the furnace center, where over the length of discharge zone (2 cm) the temperature
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Figure 3.14: Axial temperature dependence on the distance from the center of the reactor.
The distance is measured from the center of the furnace in the direction of the gas flow.
The error in thermocouple positioning is on the level of 1 cm and temperature measurement
error is 0.75 % (no more than 7 ◦C).
was assumed to be constant. At these conditions and room temperature the results were:
hydrogen concentration of 0.077 % and discharge power of 2.75 W. They correspond to SEI
of 0.038 eV/molec and SER of 49.8 eV/molec. The rest of the experiments were performed
at significantly higher range of temperatures (513 ◦C to 923 ◦C), as it was assumed that no
catalytic effect can be observed at the temperatures below those required for dissociation
according to thermodynamic equilibrium.
The comparison of hydrogen concentration between control and plasma shows that
in both cases H2 concentration increases exponentially with temperature (Figure 3.15).
Further observations show that curves are virtually parallel, and that plasma curve precedes
the control by approximately 25 ◦C.
At the same time, we can observe that even plasma is unable to provide the conversion
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Figure 3.15: Hydrogen production results from H2S dissociation by ns-DBD in comparison
to control experiment without plasma.
approaching thermodynamic equilibrium in this temperature range. This fact is better
illustrated on the Figure 3.16, where experimental data is presented by approximating
exponential curves, which are extrapolated to 1100 ◦C.
The linear increase of discharge power with temperature (Figure 3.17), can be explained
by reduced breakdown voltage at the higher temperatures, which causes discharge voltage
and current phase shift to decrease. It can be shown that previously mentioned discharge
power at room temperature (2.75 W) also falls along the same linear trend.
Unlike the results of experiments in the streamer discharge configuration [22], which were
performed with a very similar power supply but at room temperature conditions, hydrogen
concentration did not increase linearly with power. On the contrary, the observation shows
that even concentration difference between plasma and control experiments shows non-linear
(exponential) trend (Figure 3.18).
As consequence of such hydrogen production dependence on power, the SER of hy-
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Figure 3.16: Comparison of extrapolated experimental results with ideal hydrogen concen-
tration from thermodynamic equilibrium modeling.
drogen production, which was calculated taking to account the difference between plasma
and control concentrations (in the same way it was done earlier for AC corona discharge,
Section 3.3.1), drops at higher temperature (see Figure 3.19).
3.4 Conclusion
The experiments with non-thermal plasma at elevated temperatures allows us to make to
make the following observations:
• Non-thermal plasmas, in general, provide rather low hydrogen sulfide to hydrogen
conversion with the generally high specific energy requirement, which is always sig-
nificantly higher thermodynamic equilibrium minimum and normally is higher than
10 eV/molec, which strongly indicates that dissociation is initiated by direct electronic
impact (see Figure 3.20).
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Figure 3.17: Discharge power as a function of reactor temperature. One can observe that
the power corresponding to room temperature (2.75 W) would also fall on the same.
• The hypothesis of existence of plasma-catalytic effect at elevated temperature was
confirmed by observing this effect in AC corona and nanosecond DBD; the effect was
quantified through effective temperature increase of 25 ◦C in nanosecond DBD.
• The catalytic effect was not observed in regular DBD discharge due to its strong non-
uniformity and potentially very hot filaments, which provided thermal dissociation.
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Figure 3.18: Hydrogen concentration difference between control and ns-DBD results as
function of temperature.
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Figure 3.19: Dependence of SER of hydrogen production on the reactor temperature.
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Figure 3.20: Dependence of SER of hydrogen production on SEI for non-thermal discharges.
The SER of equilibrium modeling is also shown for comparison.
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CHAPTER 4: HYDROGEN SULFIDE DISSOCIATION BY
“WARM” PLASMA
4.1 Introduction
The experimental verification of potential high temperature plasma for high conversion
of H2S to hydrogen was performed in two distinct stages. In the first stage a simplest
geometry (same as in non-thermal plasma experiments) and discharge (DC glow) were used
to confirm that the conversion rates and SER results obtained by the earlier studies by
Kurchatov and Drexel Plasma institutes can indeed be contributed to thermal process. In
the second stage we modified the already existing gliding arc plasmatron (GAP) for the
purpose of conversion increase.
4.1.1 The “warm” plasma
Let us briefly discuss the term of warm plasma, which was used in this chapter’s title, yet
may be relatively hard to find for plasma description elsewhere.
A warm discharge is a non-equilibrium discharge with stepwise ionization, in which
stable concentration of electronically excited molecules is supported not only by electrons,
but also by gas temperature and/or by chemical processes. On the other hand, the gas
temperature of warm discharge is below the threshold of thermal ionization, where the
role of electric field in ionization becomes insignificant. Ionization in warm discharges has
comparable sensitivity to gas temperature as well as to E/n parameter [23,71]. For H2S, the
warm discharge temperature range is between 1000 K and 3700 K. In our study we use two
kinds of “warm” plasma: contracted glow [72–74] and and rotating gliding arc (GA) [75–77].
Gliding arc of the flat geometry can also be characterized as “warm” discharge, but it is
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important to emphasize the superiority of rotating GA in fuel reforming as well hydrogen
sulfide conversion processes [59,78–81].
4.2 Materials and methods
4.2.1 Contracted glow discharge
The contracted normal glow discharge geometry was similar to the streamer geometry 3.2.5
with the addition of a nozzle located 2 cm upstream from the tips of the electrodes. The
nozzle concentrated the H2S flow and provided better electrode cooling. The schematic of
contracted glow discharge reactor is shown in Figure 3.4.
The glow discharge was powered by a high-voltage DC power supply (Universal Voltron-
ics BRC 10,000), unlike the case with gliding arc plasma (Section 4.2.2) no ballast resistance
was used because contracted glow discharge was non-periodic DC discharge, without spikes
of voltage or current.
Except the minor geometry changes, the materials and methods for this experiment
were essentially the same as for all non-thermal discharges, but the furnace was not used
as the contracted glow is much hotter discharge with the expected temperatures of more
than 2000 K.
4.2.2 Gliding arc discharge
4.2.2.1 Experimental Apparatus
Throughout the experiments only the reactor was modified to accommodate different quench-
ing accessories. The rest of the system remained the same: H2S was tangentially fed into
plasmatron dissociated exhausted into quenching zone followed by the sulfur filter followed
by sampling port followed by H2S scrubber (washing bottle filled with 20 % solution of
NaOH).
The gliding-arc was powered by a high-voltage DC power supply (Universal Voltronics
BRC 10,000), which was connected in series with a ballast resister block (12 kΩ). The
ballast resistance is required for power supply protection and gliding arc discharge stability.
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A specific configuration of GAP was chosen to allow an axial gas addition otherwise GAP
construction and general operating parameters were identical to those described in the
earlier publications by Nunnally et al [3, 59].
As one of the goals of this was study was a significant increase in SEI a permanent
modification was added to the setup, which is a single-pass water-cooled cylindrical heat
exchanger (HX), which was positioned either immediately after GAP or right after one of
the two special purpose HX. The special purpose heat exchangers of two configurations
were designed to cool down the eﬄuent mixture immediately after the GAP. These heat
exchangers were nick-named “puck” and “silencer” and will be referenced as such in this
and the following sections. The schematic representation of all three heat exchangers are
shown in Figure 4.1.
In order to maximize quenching rates two other accessories were used in conjunction with
“silencer” HX. The first one is an evacuated sampling cylinder (under 1 Torr, Figure 4.2a),
and the second one was water-cooled sampling port (Figure 4.2b).
Water-cooled sampling port was not always used in conjunction with evacuated sampling
cylinder. A few experiments were performed for each of the possible combinations of these
two accessories: cylinder only, cylinder and port, port only, and neither. In the case where
cylinder was not used the sample was taken with a syringe.
Another way to achieve significant quenching rates is by mixing hot eﬄuent mixture
with a cold gas (room temperature, 300 K). Two solutions were used for gas mixing: one
is axial gas addition (Figure 4.3a) and the other is radial (Figure 4.3b). In both cases the
mixed gas was exhausted through general purpose HX to the filter and so on.
4.2.2.2 Measurements and Diagnostic
The flow rates of the feed gases was measured by variable area meters (rotameters) with
the full scale accuracy of 3 %. The rotameters were no calibrated for use in specialty gases
like H2S and H2, but the flow rate adjusted by the conversion factor, which was calculated
as follows:
Qa = Qm
√
Mair
Mgas
, (4.1)
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(a) General purpose HX (b) “Puck”
(c) “Silencer”
Figure 4.1: Schematic representation of heat exchangers used in the experimental setup
(the dimensions are approximate and measured in centimeters).
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(a) (b)
Figure 4.2: (a) simplified diagram of sampling method with the evacuated cylinder, (b)
water-cooled sampling port (the dimensions are approximate and measured in centimeters).
(a) (b)
Figure 4.3: (a) simplified diagram of gliding-arc plasmatron with axial addition of cooling
gas (b) the radial gas injecting accessory (the dimensions are approximate and measured
in centimeters).
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where Qa is the actual flow rate, Qm is measured flow rate, Mair molar weight of air,
and Mgas is molar weight of the gas used instead of the air, which was used for rotameter
calibration. At the same time the pressure in the rotameters was taken to account for its
effect on actual flow rate calculations:
Qa = Qm
√
1 +
pg
14.696 PSI
, (4.2)
where pg is the observed gauge pressure (measured in PSI), and 14.696 PSI = 1 atm. Com-
bining equations 4.1 and 4.2 the actual flow rate is calculated as follows:
Qa = Qm
√
Mair
Mgas
√
1 +
pg
14.696 PSI
. (4.3)
Such flow rate corrections have an inherent error of 10 %, which is the largest contribution
to the overall experimental error.
The power in the discharge was calculated from voltage and current measurements. The
current measurements were taken directly from power supply as it stabilizes the current.
The voltage was measured with a high-voltage probe (Tektronics P6015A) connected to
oscilloscope (Tektronics TDS5052B). The voltage was averaged over multiple periods (64
or 128). The averaged voltage presented a virtually constant value, which can be explained
by close to 100 % duty cycle of constant voltage while gliding-arc ignition and extinction
times were short in comparison to the length of the period. Consequently gliding arc was
treated as a DC discharge and its power was calculated simply as:
P = V I. (4.4)
The eﬄuent mixture composition samples were taken with an air-tight disposable sy-
ringes (60 mL) and analyzed with gas chromatograph (Agilent Micro GC 3000) equipped
with two TCD columns (Molecular Sieve and Plot U). As it was mentioned earlier all the
experiments (unless additionally specified) were performed in undiluted hydrogen sulfide
(99.9 % purity). Nonetheless, the products that were detected by GC were H2, H2S, N2,
and O2. The later two always present in small amounts (less then 2 % of N2), and these
amounts corresponded to air, which was attributed to the sampling method. Consequently,
N2 and O2 were ignored and amounts of H2S and H2 were normalized, assuming that
[H2S] + [H2]−100 %.
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Figure 4.4: Voltage-current characteristic of the contracted glow discharge.
4.3 Results
4.3.1 Contracted glow discharge
The experiments with contracted normal glow discharge [72] were performed at two flow
rates of 1 and 2 L/min and constant pressure of 150 Torr. SEI of the process power was
varied by varying the discharge current from 40 mA to 200 mA. The current remained stable
only above 40 mA. At the current of 200 mA and above the electrodes deteriorated quickly
and reactor parts overheated. The dependence of discharge voltage on current is presented
on Figure 4.4.
Growing voltage-current characteristic is not typical for contracted glow discharges [72],
and in this particular case, it can be related to the growth of hydrogen concentration and gas
thermal conductivity. The gas temperature in the discharge channel was not measured, and
as it is one of the most important parameters, which would allow direct comparison with
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Figure 4.5: Hydrogen concentration as function of discharge power in the contracted glow
discharge.
modeling results, it should be a high priority objective for future experiments. Taking into
account discharge current and pressure, and comparing this discharge with contracted glow
discharges in different gases [74], we made preliminary estimation that the gas temperature
in the discharge should be in the range from 2000 K to 4000 K.
The elevated temperature in the discharge causes significant thermal dissociation, but
in this case hydrogen production is limited by slow quenching. The inefficient quenching is
illustrated on the Figure 4.5. The sufficiently fast quenching would maintain the linearity
of the hydrogen production curve, but instead it is leaning towards saturation.
The contracted glow discharge reactor in operation is shown in Figures 4.6 and 4.7. The
figures illustrate intensive deposition of sulfur on cold walls of the reactor, right outside
of the discharge zone. It is clear that majority of the sulfur is the liquid state, which
emphasizes high temperature even on the walls of the reactor.
A number of setting configurations were tested in experiments, and the corresponding
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Figure 4.6: Contracted normal glow discharge reactor in operation (less then 1 min after
start).
optimum setting, with respect to minimum SER, was found at flow rate of 1 L/min and
current of 50 mA. The corresponding minimum SER was determined to be 2.35 eV/molec
and the hydrogen production was 15.4 %.
An attempt to increase H2S conversion was made and the reactor was modified to
include a quartz tunnel enclosing the plasma so that almost all hydrogen sulfide flow came
in contact with the discharge. Conversion rates of up to 60 % were obtained but the SEI in
this system was rather high (over 3.0 eV/molec) and the corresponding SER was not lower
than in the system without the tunnel (Figure 4.8).
The switch from streamer to a contracted glow discharge was performed without chang-
ing reactor geometry or significant changes in reactor pressure, but the results were very
different. The reason for this is a change in gas temperature. Comparing the results with
thermodynamic expectations (see Section 2.4), it can be concluded that in the hot plasma
channel hydrogen sulfide dissociates to the equilibrium concentration corresponding 2000 K
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Figure 4.7: Contracted normal glow discharge reactor in operation (15 min after start).
to 3000 K, and then once the mixture leaves the plasma zone, it starts to recombine to
hydrogen sulfide. There was no special cooling used to increase quenching speed, and
therefore the resulting concentration of hydrogen is noticeably lower than expected in the
case of absolute quenching. It is important to note that this experiment was performed in
the simplest geometry, which can be viewed as a plug flow reactor where the heat is released
in very short zone across the flow. This zone also does not cover the reactor cross section
fully but approximately only 30 % of it.
There was not much work done on H2S dissociation in glow discharges and the results
that were reported [82] are not particularly impressive. Traus et al. reported SER of
25 eV/molec to 42 eV/molec with 23 % to 32 % conversion of H2S at low pressures and
SER of 25 eV/molec to 36 eV/molec with 25 % to 35 % conversion of H2S at atmospheric
pressure. What is important is that these reported values correspond to a very high SEI
of more than 7 eV/molec. Most likely, there were very high discharge energy losses to the
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Figure 4.8: Hydrogen concentration as a function of SEI in contracted glow discharge with
the quartz tunnel.
reactor wall because of very short discharge length.
Gliding arc as another “warm” discharge is comparable with the contracted normal
glow discharge. It has been successfully used for different kinds of fuel conversion and
waste treatment applications [80, 81], and has been used for H2S conversion as well. The
SER results that were reported for gliding arcs range from 500 eV/molec to 1.2 eV/molec
[3, 78, 79, 83]. Gliding arc discharge is sensitive to flow organization, and a review of the
literature shows that the researchers often use very different gas-dynamic approaches.
Assuming that the main dissociation path in warm discharges is thermal, then, the SER
of hydrogen production will largely depend on reactor configuration. Reactor configuration
can, in general, allow SER reduction because of energy recovery or equilibrium shift due
to high diffusion coefficient of hydrogen. It is necessary to remember that our system was
designed to imitate a plug flow reactor, which allows to separate the effect of the process
itself and possible effects related to gas-dynamic or diffusion effects.
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Table 4.1: Summary of the experimental conditions and results for axial and radial hydrogen
injection (parameter ranges are provided, parameters corresponding to highest hydrogen
yield are in parenthesis, SEI and SER values provided for maximum yield).
Parameters and Results Axial Radial
H2S Flow Rate (L/ min) 7.4 – 7.8 3.7 – 12.1 (3.7)
H2 to H2S Ratio 1.96 – 2.18 1.9 – 8.5 (7.4)
Voltage (kV) 1.0 – 1.9 1.7 – 3.1 (2.1)
Current (mA) 200 – 600 200 – 550 (200)
H2 Yield (%) N/A 29.5 – 48.6
SEI (eV/molec) 0.7 – 1.2 1.1 – 3.7 (1.8)
SER (eV/molec) N/A 3.0 – 8.5 (3.6)
4.3.2 Gliding arc discharge
4.3.2.1 Quenching by cold gas
The first option for quick quenching of the products that was considered was mixing of the
dissociated eﬄuent mixture with cold gas. Two different engineering solutions were used
for addition of the cold gases: one via addition of cold gas into the reaction zone along the
axis of the plasmatron, and the second one via radial addition of the cold gas immediately
after the plasmatron (for more details see Section 4.2.2).
4.3.2.1.1 Hydrogen addition Initially hydrogen was used as a cooling gas. This choice
was motivated by the high heat conductivity of hydrogen as well as its higher heat capacity
than that of noble gases. Both axial and radial addition of the cooling hydrogen gas
was attempted. The summary of the experimental conditions and results are given in the
Table 4.1.
Axial addition of hydrogen posed significant challenges for discharge sustainability as
well as result analysis. Discharge was harder to sustain likely due to increased pressure in
the vortex chamber of the plasmatron. The analysis of the results is difficult due to very
high statistical error, which in turn was likely caused by very large ratio of cooling gas to
the hydrogen yielded from H2S dissociation. Consecutively, we assume these results provide
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Table 4.2: Summary of the experimental conditions and results for nitrogen injection (pa-
rameter ranges are provided, parameters and results corresponding to highest hydrogen
yield are in parenthesis).
Parameters and Results Radial
H2S Flow Rate (L/min) 3.96 – 4.42 (4.32)
H2 to H2S Ratio 1.98 – 3.62 (3.62)
Voltage (kV) 1.18 – 2.59 (1.18)
Current (mA) 200 – 600 (600)
H2 Yield (%) 52.5 – 60.3
SEI (eV/molec) 1.51 – 2.55 (2.50)
SER (eV/molec) 2.76 – 4.89 (4.15)
rather low H2 yield.
The radial addition of the hydrogen, unlike axial, provided consistent results, which did
not always improve upon unquenched method, yet at certain conditions the improvement
of up to 13 % was observed (see Table 4.1 for details).
4.3.2.1.2 Nitrogen addition Experiments with axial addition of hydrogen proved un-
successful. Consecutively, the radial cooling method was used in all the experiments with
nitrogen. Quenching the dissociation products with nitrogen proved to be significantly more
effective than with hydrogen. The results were consistent with low statistical error.
The experiments were designed to maintain H2S flow constant. The N2 amount was
varied to observe its effect on quenching effectiveness. Discharge current was also varied,
which allowed to obtain results in a wide range of SEI. The summary of the parameters
and results are provided in Table 4.2 .
It is easy to observe from the Table 4.2 that highest hydrogen yield is obtained at
highest SEI and N2 flow rate, which confirms our original assumption on the direction
which should be pursued to increase the yield. The higher flow rates of nitrogen negatively
impacted discharge stability, and the reason for that is likely to be similar to the one in
experiments with hydrogen cooling, which is a pressure build-up and gas flow instability at
the plasmatron outlet.
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Table 4.3: Summary of the experimental conditions and results for stage one of external
water-cooling experiments (parameter ranges are provided, parameters corresponding to
highest hydrogen yield are in parenthesis).
Parameters and Results w/out Accessories w/ Silencer
H2S Flow Rate (L/min) 6.12 – 6.15 (6.15) 5.95 – 8.02 (5.95)
Voltage (kV) 1.34 – 2.80 (2.80) 1.38 – 2.85 (1.75)
Current (mA) 200 – 600 (200) 200 – 600 (400)
H2 Yield (%) 29.5 – 46.9 35.3 – 49.9
SEI (eV/molec) 1.39 – 2.00 (1.39) 1.42 – 2.09 (1.79)
SER (eV/molec) 2.95 – 6.78 (2.95) 2.97 – 5.92 (3.59)
4.3.2.2 Quenching by water-cooling
Adding the cooling gas in the amount two or more times the amount of H2S is extremely
undesirable by the industry. Water-cooling, on the other hand, is not uncommon. Therefore,
we attempt to create a quenching apparatus that relies only on external water-cooling
solutions. The details of such apparatus are discussed in the Section 4.2.2.1.
Experiments with external water-cooling could be affectively split into two stages. In the
first stage the quenching accessories were setup as part of normal experimental procedure
where gas sampling was done after the filter and where the gas is completely cooled to
room temperature. In the second stage the samples were taken from volume immediately
following the plasmatron, where eﬄuent mixture did not yet reach chemical equilibrium.
In the second stage the attempt was made to determine the limits of quenching achievable
with GAP reactor. The results and parameters for the stage one and two are summarized
in Table 4.3 and 4.4 respectively.
All the experiments with water-cooling were performed with undiluted hydrogen sulfide.
Also, general purpose heat exchanger was used for all the experiments, so results marked
as “w/out Acessories” imply the general purpose HX was still used. At the second stage
“puck” was not used thus all the results imply the use of general purpose HX and “silencer”
HX.
Stage one results do not include experiments with “puck” HX because this accessory
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Table 4.4: Summary of the experimental conditions and results for stage two of external
water-cooling experiments (parameter ranges are provided, parameters corresponding to
highest hydrogen yield are in parenthesis).
Parameters and Results w/ Sampling Cylinder w/ Syringe
H2S Flow Rate (L/min) 2.67 – 6.14 (6.12) 2.75 – 6.30 (2.75)
Voltage (kV) 0.72 – 2.08 (2.08) 0.89 – 1.50 (0.89)
Current (mA) 300 – 600 (300) 500
H2 Yield (%) 48.4 – 63.1 54.4 – 57.4
SEI (eV/molec) 1.43 – 2.46 (1.55) 1.81 – 2.49 (2.47)
SER (eV/molec) 2.51 – 4.01 (2.51) 3.33 – 4.55 (4.30)
showed to be unreliable. The main problem with the “puck” is that narrow channels for the
eﬄuent gas passage get fast clogged with condensing sulfur, which in turn negatively affects
HX cooling performance and causes the pressure build-up, which makes system unusable
within minutes.
Stage two results do not include experiments with water-cooled sampling port because
it had the same problem that was the bane of the “puck” HX – clogging with condensing
sulfur made the port unusable after one or two uses. Syringe sampling was not used with
all the possible parameter settings, but only for one current value, while flow rate of H2S
was varied.
It must be noted that design of a heat exchanger, which is best suited for applications
of sulfur rich gas cooling was not the objective of the study, and a better design can be
implemented. Specifically, the problems with “puck” HX and water-cooled sampling port
could be avoided if the water were replaced by a different cooling agent like mineral oil, that
could be kept at the temperature of minimum viscosity of liquid sulfur. Similar technique
was employed by Reddy at al. in their experiments of H2S dissociation in dielectric barrier
discharge [84,85].
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Figure 4.9: Comparison of the results from this study with GAT results by Nunnally at
al. [3] and with results of the thermodynamic equilibrium modeling. Dotted line corresponds
to 100 % conversion. Thermodynamic modeling curve corresponds to equilibrium at 1 atm.
4.3.2.3 Summary of the results
The results of this study can be compared most directly with the study by Nunnally at al.
on dissociation of hydrogen sulfide in gliding-arc “tornado” reactor [3], taking to account a
different focus of the current study. The comparison of results of current study with GAT
results as well as thermodynamic modeling results are shown in the Figure 4.9.
Analyzing results from the perspective of aims of the study, we can make the following
summary (based on result corresponding to experiments where sampling was done from the
cold gas after filter):
• It is possible to use GAP for H2S dissociation at atmospheric pressure with approx-
imately four times the SEI of the GAT reactor, which was achieved in the case of
cooling with radial gas injection of both hydrogen and nitrogen.
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• A higher (up to two times) yield can be achieved with same SER as in GAT reactor,
which was achieved with both gas-injection and water cooling
• At the explored range of parameters, gas-injection cooling is limited by SEI of the
plasmatron
• Water-cooled reactor is not limited by SEI but rather by the combination of that and
HX design
In order to provide a better comparison between the results of this study with earlier
results in GAT reactor, let’s consider only a single specific set of results – quenching by
radial nitrogen injection. The detailed comparison is shown on the figure 4.10. The figure
shows an improvement of 57 % for H2S conversion at the cost of 51 % of SER increase.
We must note again that radial gas injection quenching scales with SEI and therefore even
greater conversion increase should be expected as SEI approaches 4 eV/molec. Further
increase in SEI would not lead to improvement as we have shown through thermodynamic
modeling (section 2.4) that at SEI greater than 4 eV/molec H2S is completely dissociated
and further heating will only lead to wasted energy.
As part of the future development of atmospheric pressure gliding-arc reactors for hy-
drogen sulfide dissociation a number of improvements can be made. The apparatus with
external liquid-cooling must use preheated cooling agent, which would not allow for sulfur
to solidify on the surface of heat exchangers. Plasmatron should not be limited by its SEI.
The possibility to adjust gliding-arc length and consecutively discharge V-I characteristic
(as it is possible in GAT reactor) maybe essential for reduction of SER at the same level of
SEI.
4.4 Conclusion
The results of the studies on contracted glow and gliding arc show that, provided sufficient
quenching, higher temperature discharges (warm plasmas) can provide increase in hydrogen
production from hydrogen sulfide dissociation. This fact confirms the hypothesis stated in
the Section 2.7.2.2.
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Figure 4.10: Comparison of the results for SER and H2S conversion in this study (specifically
by quenching with radial N2 injection) with GAT results by Nunnally at al. [3].
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In detail, we can conclude the following from warm plasma experiments:
• The study on H2S dissociation in low pressure (0.1 atm) contracted glow discharge,
which is very representative of warm plasma, showed that even in the simplest con-
figuration warm plasma, allows to combine low SER (2.5 eV/molec) with conversion
up to 25 %. Moreover, only slightly modified for better performance the discharge
showed conversion results comparable to those obtained in GAP and low pressure
version of GAT (conversion up to 60 %) [3], which highlights the significance of low
pressure for high conversion, yet it is industrially inapplicable.
• Significant improvements can be made in hydrogen yield in GAP reactor when it
is combined with additional cooling apparatus. This improvement is achieved via
increase of plasmatron SEI and consecutive shift of the “dissociation curve” towards
equilibrium, which in turn, causes increase of SER for dissociation. Specifically, it
seems very promising to mix plasmatron exhaust gas with large volumes of cold gas
because this type of quenching does not appear to be limited by SEI.
• At the same time GAT reactor [3] can be complemented by all the quenching apparatus
used in the current study. And therefore, without deep economic evaluation, it is
virtually impossible to suggest that the GAP system from the current study is more
feasible for industrial application, than the one based on GAT reactor, which provides
lower hydrogen yield at lower SER of dissociation.
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CHAPTER 5: SUMMARY AND CONCLUSION
5.1 Overall summary
As we stated in the introduction, the goal of the dissertation is devise a method and appa-
ratus for dissociation of hydrogen sulfide to hydrogen and solid sulfur, and such apparatus
must maximize the single-pass conversion of H2S.
Towards that goal, we thoroughly examined the theoretical limitations of the process of
hydrogen sulfide dissociation to hydrogen and solid sulfur, identified the boundary param-
eters for future experimental studies, and developed three hypothesis on high-conversion
mechanism, which were tested experimentally. The experimental verification of the said
hypotheses showed that:
• There exists plasma-catalytic effect equivalent to 25 ◦C by non-thermal plasma on
hydrogen sulfide dissociation in pre-pyrolysis temperatures (below 1000 ◦C).
• The above mentioned catalytic effect is not unique to a single plasma discharge and
was observed and empirically quantified in AC corona and nanosecond dielectric bar-
rier discharges.
• The high-temperature “warm” plasma is an effective medium for high conversion of
hydrogen sulfide to hydrogen provided sufficiently quenching is available. Specifically
a modified version of gliding arc plasmatron was used to obtain conversion rates,
which are twice better (up to 65 % total) than those of the earlier studies in the
similar systems at atmospheric pressure conditions. This was achieved at SER of
2.5 eV/molec.
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• The expanded study into quenching of dissociated eﬄuent gas showed that several dif-
ferent techniques can be used with similar effectiveness. The most promising method
in laboratory setting appears to be eﬄuent gas mixing with cold inert gas like nitrogen.
5.2 Chapter specific summaries
Following the introduction of the problem and setting of the goal of the study in Chapter 1
we continued with detailed study of chemical and physical parameters of H2S dissociation
in Chapter 2.
5.2.1 Chapter 2
Here we identified the limiting factors for the following experimental study and developed
the following three hypotheses:
1. Unlike standard hydrogen sulfide pyrolysis mechanism, plasma dissociation enables an
alternative dissociation pathway through formation of sulfanes H2Sn as the primary
product.
2. At temperatures below 1000 ◦C plasma can catalyze the process through H2S dissoci-
ation on negatively charged sulfur clusters (Sn
–).
3. A significant improvement in hydrogen sulfide conversion to hydrogen and solid sulfur
can be achieved in a plasma system by increasing both specific energy input and
quenching rate of the eﬄuent mixture.
The following chapters discuss the testing of the above hypotheses.
5.2.2 Chapter 3
This chapter objective was the testing of the first and second hypotheses, both of which
required the use of non-thermal plasma at a variety temperature conditions. Here we devel-
oped four experimental reactors based on AC corona, dielectric barrier (DBD), streamer,
and nanosecond DBD. The reactors share common basic structure, control, measurement
and analysis framework.
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The results of experiments showed that, even though, it is most likely that non-thermal
plasma initiates dissociation by direct electronic impact with the corresponding rather high
specific energy requirement (higher than 10 eV/molec); at the same time two of the four
discharges showed the presence of the hypothesized catalytic effect. The catalytic effect
was quantified in the case of nanosecond DBD, and it is equal to 25 ◦C. The regular DBD
discharge exhibited the mode of operation mostly resembling thermal plasma (spark) due
to observed non-uniformity, which emphasizes the use of cold plasma.
5.2.3 Chapter 4
This chapter was dedicated testing of the third hypothesis. For that purpose two very
different systems were developed:
• One system was to test the general capability of the simplest “warm” plasma system
to effectively dissociate H2S maintaining SER on the level comparable with thermo-
dynamic modeling (see Section 2.4). This system was developed around contracted
glow discharge.
• The second system was the improved gliding arc plasmatron. The improvements to
the plasmatron were focused around addition of accessories to improve the quenching
of the eﬄuent gas mixture. This system was chosen as it was previously used for H2S
dissociation with objective of SER minimization.
The experimental results with contracted glow discharge showed that even in the sim-
plest geometry “warm” plasma does provide rather high conversion (close to 30 %) at rela-
tively low cost (2.5 eV/molec). Moreover even the simplest modification (see Section 4.3.1)
allowed us to reach 60 % conversion.
Experiments with GAP allowed us to improve earlier results in the similar system by
factor of two. This result, confirms the hypothesis: increase in SEI with simultaneous
increase of the quenching rate provides higher conversion. Additionally, observations showed
that a variety of quenching techniques (see Section 4.2.2) can provide improvements in
conversion, but the most promising (at least in laboratory scale) was the mixing of the
eﬄuent gas with radially injected cold nitrogen gas (see Section 4.3.2).
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5.3 Major Contributions
In the scope of this thesis we experimentally confirmed plasma-catalytic effect on hydrogen
sulfide dissociation, allowing creation of industrial systems with 100 % conversion with
affordable cost of the process. We have shown that high-enthalpy systems, in industrial
setting, must be capable of up to 75 % dissociation at estimated cost of 4.5 eV/molec.
Additionally, a number of subjects, some outside of the scope of this thesis, pertaining to
plasma dissociation of hydrogen sulfide are discussed in greater details in the several peer-
reviewed publications, which I authored or co-authored in the past several years. These
are:
1. Gutsol, K., T. Nunnally, A. Rabinovich, A. Fridman, A. Starikovskiy, A. Gutsol, and
A. Kemoun, Plasma assisted dissociation of hydrogen sulfide. International Journal
of Hydrogen Energy, 2012. 37(2): p. 1335-1347
2. Nunnally, T., K. Gutsol, A. Rabinovich, A. Fridman, A. Gutsol, and A. Kemoun,
Dissociation of CO2 in a low current gliding arc plasmatron. Journal of Physics D:
Applied Physics, 2011. 44(27): p. 274009
3. Nunnally, T., K. Gutsol, A. Rabinovich, A. A. Fridman, A. Starikovsky, A. F. Gut-
sol, and R.W. Potter, Dissociation of H2S in non-equilibrium gliding arc “tornado”
discharge. International Journal of Hydrogen Energy, 2009. 34(18): p. 7618-7625
4. Gutsol K., A. Rabinovich, A. Fridman, and A. Gutsol, Dissociation of Hydrogen Sul-
fide in Nanosecond Dielectric Barrier Discharge. International Journal of Hydrogen
Energy (submitted)
5. Gutsol K., R. Robinson, A. Rabinovich, A. Fridman, and A. Gutsol, Plasma Dissoci-
ation of H2S with High Conversion to H2. International Journal of Hydrogen Energy
(submitted)
6. Nunnally, T., K. Gutsol, A. Rabinovich, A. Fridman, and A. Gutsol, Plasma Dis-
sociation of H2S with O2 Addition. International Journal of Hydrogen Energy (in
press)
7. Robinson, R., K. Gutsol, A. Rabinovich, and A. Fridman, Plasma Acid Production in
a Gliding Arc Plasmatron Plasma Medicine (submitted)
Some of our discoveries were significant enough from commercial perspective that re-
quired the following patent applications to be filed:
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1. Gutsol, A. F., R. W. Potter, K. Gutsol, T. Nunnally, A. Starikovskiy, A. Fridman, and
A. Rabinovich, (2010). Methods for Low Temperature Hydrogen Sulfide Dissociation.
USA. US 2010/0300872
2. Nunnally, T., K. Gutsol, A. Rabinovich, A.A. Fridman, and A.F. Gutsol, (2014)
Plasma Dissociation Of Hydrogen Sulfide In The Presence Of Oxygen. USA.
5.4 Suggested future work
There are two clear directions, which can be taken with respect to high conversion of H2S to
H2: one is with non-thermal plasma and the other one with “warm” and possibly even with
thermal plasma, as the need for even higher SEI may arise, but as the modeling suggest
the currently achieved SEI is sufficient.
The non-thermal plasma needs to be combined with continuous separation of hydrogen
from eﬄuent mixture, which can be achieved through membrane separation. Currently
there is a rather large number of such membranes available, and some of them perform
well even in “high” temperature (around 1000 ◦C). So, it would be clearly beneficial to
combine a discharge like nanosecond DBD operating at elevated temperatures and higher
pressure (required for membrane operation) with a membrane, and in theory such system
can provide 100 % conversion.
The reduction in SER of non-thermal plasma dissociation will be paramount for the
acceptance of this technology even with complete dissociation. For that purpose the specifics
of catalytic effect should be studied. As our study did not identify, which of the first two
hypothesis is more likely, we suggest to pursue a detailed analysis products for purpose of
identifying sulfane compounds, and at the same time, a better experiment can be designed
to see if there is “dusty” plasma effect in hydrogen sulfide.
From our observation and kinetic studies we found that it maybe necessary to start eﬄu-
ent plasmatron gas quenching even earlier than in presented experiments, that is because, if
there is enough temperature for initiation, the dissociation process and recombination both
proceed very fast. Thus there should be minimum time that H2S spends in hot zone before
quenching. Also as it was mentioned in Section 4.4 optimization of the thermal system
should be in two directions: SER and conversion, and in order to achieve the former GAP
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maybe replaced with GAT or other discharges. Also judging from results with contracted
glow discharge an entirely different set of configurations could be explored.
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